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PLASMA IGNITION DEVICE AND PLASMA
IGNITION METHOD

FIELD OF THE INVENTION

The present invention relates to a plasma ignition tech-
nique of generating AC plasma between the electrodes of a
spark plug (ignition plug) for the purpose of ignition.

BACKGROUND OF THE INVENTION

In a conventional plasma ignition technique, spark dis-
charge is generated between the electrodes of a spark plug by
means of DC power, and in this state AC plasma is generated
between the electrodes by means of AC power (see, for
example, Japanese Patent Application Laid-Open (kokai) No.
S51-77719 “Patent Document 1” and Japanese Patent Appli-
cation Laid-Open (kokai) No. 2009-36198 “Patent Document
2”). Also, there has been proposed a technique of increasing
stepwise AC power during generation of AC plasma in order
to expand the AC plasma (see, for example, Pamphlet of
W02009/147335 “Patent Document 3”).

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

Generation of AC plasma by means of excessively large AC
current raises a problem of accelerating consumption of the
electrodes, and excessive restraint of the energy of AC power
raises a problem of failure in generation of AC plasma.

In view of the above-described problems, an object of the
present invention is to provide a technique of improving the
life of a spark plug which generates AC plasma.

Means for Solving the Problems

The present invention has been conceived to solve, at least
partially, the above problems and can be embodied in the
following modes or application examples.

APPLICATION EXAMPLE 1

A plasma ignition device of application example 1 com-
prises a spark plug, and an AC power supply which generates
AC power for generating AC plasma between electrodes of
the spark plug, the plasma ignition device being characterized
by further comprising a power control section which reduces
the AC power after AC plasma has been generated between
the electrodes in an AC power supply period during which the
AC power is continuously supplied to the spark plug within a
maintainable power range within which the AC plasma can be
maintained.

APPLICATION EXAMPLE 2

In a plasma ignition device of application example 1, the
power control section may reduce the AC power in the AC
power supply period at a timing which is after the AC plasma
has been generated between the electrodes and is before
elapse of a time corresponding to 75% of the AC power
supply period.

APPLICATION EXAMPLE 3

In a plasma ignition device of application example 1 or
application example 2, the power control section may reduce
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2

the AC power to a power which falls within the maintainable
power range and is equal to or less than 80% of the AC power
at the time of generation of the AC plasma.

APPLICATION EXAMPLE 4

In a plasma ignition device of any one of application
example 1 to application example 3, the power control section
may reduce the AC power in the AC power supply period at a
timing which is after the AC plasma has been generated
between the electrodes and falls within a 1.0 msec period after
the start of supply of the AC power.

APPLICATION EXAMPLE 5

In a plasma ignition device of any one of application
example 1 to application example 4, the AC power supply
period may be 5.0 msec or less.

APPLICATION EXAMPLE 6

In a plasma ignition device of any one of application
example 1 to application example 5, the electric energy sup-
plied to the spark plug by the AC power during the AC power
supply period of each cycle may be 900 mJ or less.

APPLICATION EXAMPLE 7

A plasmaignition device of any one of application example
1 to application example 6 may comprise a DC power supply
which generates DC power for generating spark discharge
between the electrodes of the spark plug before generation of
the AC plasma.

APPLICATION EXAMPLE 8

In a plasma ignition device of application example 7, the
end of the AC power supply period may be after the end of a
period during which the DC power is applied to the spark

plug.
APPLICATION EXAMPLE 9

In a plasma ignition device of application example 7 or
application example 8, the power control section may reduce
the AC power within the period during which the DC power is
applied to the spark plug.

APPLICATION EXAMPLE 10

A plasma ignition method of application example 10 is
adapted to generate AC plasma between electrodes of a spark
plug using AC power generated by an AC power supply and is
characterized by comprising the step of reducing the AC
power after having generated AC plasma between the elec-
trodes in an AC power supply period during which the AC
power is continuously supplied to the spark plug within a
maintainable power range within which the AC plasma can be
maintained.

APPLICATION EXAMPLE 11

In a plasma ignition method of application example 10, the
AC power may be reduced in the AC power supply period at
a timing which is after the AC plasma has been generated



US 9,231,382 B2

3

between the electrodes and is before elapse of a time corre-
sponding to 75% of the AC power supply period.

APPLICATION EXAMPLE 12

In a plasma ignition method of application example 10 or
application example 11, the AC power may be reduced to a
power which falls within the maintainable power range and is
equal to or less than 80% of the AC power at the time of
generation of the AC plasma.

APPLICATION EXAMPLE 13

In a plasma ignition method of any one of application
example 10 to application example 12, the AC power may be
reduced in the AC power supply period at a timing which is
after the AC plasma has been generated between the elec-
trodes and falls within a 1.0 msec period after the start of
supply of the AC power.

APPLICATION EXAMPLE 14

In a plasma ignition method of any one of application
example 10 to application example 13, the AC power supply
period may be restricted to 5.0 msec or less.

APPLICATION EXAMPLE 15

In a plasma ignition method of any one of application
example 10 to application example 14, the electric energy
supplied to the spark plug by the AC power during the AC
power supply period of each cycle may be restricted to 900 mJ
or less.

APPLICATION EXAMPLE 16

In a plasma ignition method of any one of application
example 10 to application example 15, before generation of
the AC plasma, spark discharge may be generated between
the electrodes of the spark plug using DC power generated by
a DC power supply.

APPLICATION EXAMPLE 17

In a plasma ignition method of application example 16, the
AC power supply period may be ended after the end of a
period during which the DC power is applied to the spark

plug.
APPLICATION EXAMPLE 18

In a plasma ignition method of application example 16 or
application example 17, the AC power may be reduced within
the period during which the DC power is applied to the spark
plug.

The modes of the present invention are not limited to the
plasma ignition device and the plasma ignition method. For
example, the present invention can be applied to various
modes, such as an internal combustion engine having a
plasma ignition device and a program for causing a computer
to realize a function of controlling the plasma ignition device.
Also, the present invention is not limited to the above-de-
scribed modes, and can, of course, be implemented in various
forms without departing from the scope of the present inven-
tion.

Effects of the Invention

According to the plasma ignition device of application
example 1, the total energy supplied to the electrodes by AC
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power so as to generate and maintain AC plasma can be
reduced. Therefore, consumption of the electrodes caused by
AC plasma can be suppressed. As a result, the life of the spark
plug which generates AC plasma can be extended.

According to the plasma ignition device of application
example 2, consumption of the electrodes caused by AC
plasma can be suppressed further.

According to the plasma ignition device of application
example 3, consumption of the electrodes caused by AC
plasma can be suppressed further.

According to the plasma ignition device of application
example 4, consumption of the electrodes caused by AC
plasma can be suppressed further.

According to the plasma ignition device of application
example 5, consumption of the electrodes caused by AC
plasma can be suppressed further.

According to the plasma ignition device of application
example 6, consumption of the electrodes caused by AC
plasma can be suppressed further.

According to the plasma ignition device of application
example 7, consumption of the electrodes caused by AC
plasma can be suppressed in a plasma ignition device config-
ured such that AC plasma is generated between the electrodes
between which spark discharge has been generated.

According to the plasma ignition device of application
example 8, the performance of ignition by AC plasma can be
improved.

According to the plasma ignition device of application
example 9, consumption of the electrodes caused by AC
plasma can be suppressed further.

According to the plasma ignition method of application
example 10, the total energy supplied to the electrodes by AC
power so as to generate and maintain AC plasma can be
reduced. Therefore, consumption of the electrodes caused by
AC plasma can be suppressed. As a result, the life of the spark
plug which generates AC plasma can be extended.

According to the plasma ignition method of application
example 11, consumption of the electrodes caused by AC
plasma can be suppressed further.

According to the plasma ignition method of application
example 12, consumption of the electrodes caused by AC
plasma can be suppressed further.

According to the plasma ignition method of application
example 13, consumption of the electrodes caused by AC
plasma can be suppressed further.

According to the plasma ignition method of application
example 14, consumption of the electrodes caused by AC
plasma can be suppressed further.

According to the plasma ignition method of application
example 15, consumption of the electrodes caused by AC
plasma can be suppressed further.

According to the plasma ignition method of application
example 16, consumption of the electrodes caused by AC
plasma can be suppressed in a method in which AC plasma is
generated between the electrodes between which spark dis-
charge has been generated.

According to the plasma ignition method of application
example 17, the performance ofignition by AC plasma can be
improved.

According to the plasma ignition method of application
example 18, consumption of the electrodes caused by AC
plasma can be suppressed further.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an explanatory view showing a plasma ignition
device.
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FIG. 2 is a flowchart showing power control processing
executed by a power control section.

FIG. 3 is an explanatory graph showing a time-course
change in AC power during a period during which the power
control processing is performed once.

FIG. 4 is an explanatory graph showing the results of an
evaluation test for investigating the relation between AC
power reduction timing and electrode consumption.

FIG. 5 is an explanatory graph showing the results of an
evaluation test for investigating the relation between AC
power reduction ratio and electrode consumption.

FIG. 6 is an explanatory graph showing the results of an
evaluation test for investigating the relation between AC
power reduction start time and electrode consumption.

FIG. 7 is an explanatory graph showing the results of an
evaluation test for investigating the relation between AC
power supply period and electrode consumption.

FIG. 8 is an explanatory graph showing the results of an
evaluation test for investigating the relation between AC elec-
tric energy and electrode consumption.

FIG. 9 is an explanatory table showing the results of an
evaluation test for investigating the relation between AC
power supply timing and ignition performance.

FIG. 10 is an explanatory graph showing a time-course
change in AC power in a first modification.

FIG. 11 is an explanatory graph showing a time-course
change in AC power in a second modification.

FIG. 12 is an explanatory graph showing a time-course
change in AC power in a third modification.

FIG. 13 is an explanatory graph showing a time-course
change in AC power in a fourth modification.

DETAILED DESCRIPTION OF THE INVENTION

In order to clarify the configuration and action of the
present invention having been described above, a plasma
ignition device to which the present invention is applied will
now be described.

A. Embodiment
A-1. Configuration of Plasma Ignition Device

FIG. 1 is an explanatory view showing a plasma ignition
device 20. The plasma ignition device 20 effects ignition by
generating AC plasma between a center electrode 110 and a
ground electrode 120 of a spark plug 100. In the present
embodiment, the plasma ignition device 20 is a device for
igniting fuel of an internal combustion engine (not shown).

Specifically, after generating spark discharge through
application of DC power to the center electrode 110 of the
spark plug 100, the plasma ignition device 20 applies AC
power to the center electrode 110 of the spark plug 100 to
thereby generate AC plasma. Once AC plasma is generated
between the electrodes of the spark plug 100, in order to
suppress consumption of the electrodes caused by the AC
plasma, the plasma ignition device 20 reduces the AC power
applied to center electrode 110, while maintaining the AC
plasma between the electrodes of the spark plug 100. The
details of reduction in AC power in the plasma ignition device
20 will later be described.

The plasma ignition device 20 includes a DC power supply
210, a AC power supply 220, a mixing section 300, and an
ignition control section 500, in addition to the spark plug 100.
In the present embodiment, the plasma ignition device 20 is
electrically connected to an operation control section 10 for
controlling operation of the internal combustion engine, and
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6

realizes ignition control suitable for the operation state of the
internal combustion engine on the basis of a control signal
output from the operation control section 10.

The DC power supply 210 of the plasma ignition device 20
generates DC power for generating spark discharge between
the electrodes of the spark plug 100. In the present embodi-
ment, the DC power produced by the DC power supply 210 is
high voltage pluses of several tens of thousands volts.

The AC power supply 220 of the plasma ignition device 20
produces AC power for generating AC plasma between the
electrodes of the spark plug 100. In the present embodiment,
preferably, the frequency f of the AC power produced by the
AC power supply 220 satisfies a relation “50 kHz (kilohertz)
=f<100 MHz (megahertz)” in order to generate AC plasma.

The mixing section 300 of the plasma ignition device 20
combines together the DC power produced by the DC power
supply 210 and the AC power produced by the AC power
supply 220, and transmits the resultant power to the spark
plug 100. The mixing section 300 includes an inductor (coil)
310 and a capacitor 320. The inductor 310 of the mixing
section 300 electrically connects the DC power supply 210 to
the center electrode 110 of the spark plug 100 and the AC
power supply 220, and restrains flow of the AC power gener-
ated by the AC power supply 220 toward the DC power supply
210. In the case where the DC power supply 210 includes an
inductor (e.g., in the case where an ignition coil is used for the
DC power supply), the inductor 310 of the mixing section 300
is not necessary. The capacitor 320 of the mixing section 300
electrically connects the AC power supply 220 to the center
electrode 110 of the spark plug 100 and the DC power supply
210, and restrains flow of the DC power generated by the DC
power supply 210 toward the AC power supply 220.

The center electrode 110 of the spark plug 100 is electri-
cally connected to the DC power supply 210 and the AC
power supply 220 via the mixing section 300, and the ground
electrode 120 of the spark plug 100 is electrically grounded.
In the AC power transmission path from the AC power supply
220 to the spark plug 100, a reflection loss (return loss) of AC
power is produced at an impedance discontinuity point.
Therefore, the electric power input to the center electrode 110
as a result of application of the AC power to the center elec-
trode 110 of the spark plug 100 is equal to an electric power
obtained by subtracting the reflection loss from the AC power
applied from the AC power supply 220. In the present
embodiment, the reflection loss produced between the AC
power supply 220 and the center electrode 110 is 10% or less.

The ignition control section 500 of the plasma ignition
device 20 performs ignition control suitable for the operation
state of the internal combustion engine on the basis of the
control signal output from the operation control section 10.
The ignition control section 500 includes a power control
section 510 which controls the operations of the DC power
supply 210 and the AC power supply 220. In the present
embodiment, the function of the power control section 510 of
the ignition control section 500 is realized by a CPU (Central
Processing Unit) of the ignition control section 500 which
operates on the basis of a program. In other embodiments, the
function of at least a portion of the ignition control section
500 may be realized by the physical circuit configuration of
the ignition control section 500.

The power control section 510 of the ignition control sec-
tion 500 instructs the DC power supply 210 to generate DC
power and instructs the AC power supply 220 to generate AC
power in such a manner that AC plasma is generated after
generation of spark discharge between the electrodes of the
spark plug 100. In particular, after AC plasma is generated
between the electrodes of the spark plug 100 in an AC power
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supply period during which AC power is continuously sup-
plied to the spark plug 100 within a maintainable power range
within which the AC plasma can be maintained, the power
control section 510 reduces the AC power supplied to the
spark plug 100 by controlling the AC power generated by the
AC power supply 220.

FIG. 2 is a flowchart showing power control processing
(step S100) executed by the power control section 510. The
power control processing (step S100) controls the operations
of'the DC power supply 210 and the AC power supply 220. In
the present embodiment, the power control section 510
executes the power control processing (step S100) every time
ignition is performed once.

Upon start of the power control processing (step S100), the
power control section 510 starts the application of DC power
to the center electrode 110 of the spark plug 100 by instruct-
ing the DC power supply 210 to generate DC power (step
S110). As a result, spark discharge is generated between the
electrodes of the spark plug 100.

After having generated the spark discharge (step S110), the
power control section 510 starts the application of AC power
to the center electrode 110 of the spark plug 100 by instruct-
ing the AC power supply 220 to generate AC power, while
continuing the application of DC power by the DC power
supply 210 (step S120). As a result, AC plasma is generated
between the electrodes of the spark plug 100.

After having generated the AC plasma (step S120), the
power control section 510 reduces the AC power applied to
the center electrode 110 of the spark plug 100 by instructing
the AC power supply 220 to reduce the AC power (step S130).
As aresult, the AC plasma between the electrodes of the spark
plug 100 is maintained through application of the reduced AC
power as compared with that at the start of application of the
AC power.

After having reduced the AC power (step S130), the power
control section 510 stops the application of the AC power to
the center electrode 110 of the spark plug 100 by instructing
the AC power supply 220 to stop generation of AC power
(step S140). As a result, the AC plasma disappears from the
space between the electrodes of the spark plug 100. After
having stopped the AC power (step S140), the power control
section 510 ends the power control processing (step S100).

In the present embodiment, the power control section 510
stops the generation of DC power by the DC power supply
210 at a timing between the reduction of AC power (step
S130) and the stoppage of AC power (step S140); however, in
other embodiments, the generation of DC power may be
stopped before the reduction of AC power (step S130) or after
the stoppage of AC power (step S140).

FIG. 3 is an explanatory graph showing a change with time
(hereinafter referred to as a “time-course change”) in the AC
power P during a period during which the power control
processing (step S100) is performed once. The AC power P is
a work performed per unit time by the AC current supplied
from the AC power supply 220 to the spark plug 100. In FIG.
3, a time-course change in AC power P is shown by a graph
whose horizontal axis represents time and whose vertical axis
represents electric power. The product of AC power P and
time, which is hatched in FIG. 3, represents AC electric
energy E which is a work performed by the AC current sup-
plied in each period during which the power control process-
ing (step S100) is performed once.

As shown in FIG. 3, the AC power P is reduced from a first
power Pi to a second power Pr in the middle (timing t1) of an
AC power supply period Sa (timings t0 to t5) during which the
AC power P is supplied from the AC power supply 220 to the
spark plug 100. The first power Pi and the second power Pr
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fall within a maintainable power range Rp; i.e., are equal to or
greater than the minimum power Pt required to maintain the
AC plasma generated between the electrodes of the spark
plug 100.

At the beginning of the AC power supply period Sa (timing
10), the AC power P is set to the first power Pi. The AC power
P is maintained at the fixed first power Pi during a first supply
period Sal (timings t0 to t1), which is the first half of the AC
power supply period Sa. After the first supply period Sal
(timings t0 to t1), the AC power P is reduced from the first
power Pito the second power Pr, and is maintained at the fixed
second power Pr during a second supply period Sa2 (timings
t1 to t5) including the end of the AC power supply period Sa
(timing t5).

A-2. Evaluation on the Timing at which the AC
Power P is Reduced

FIG. 4 is an explanatory graph showing the results of an
evaluation test performed so as to investigate the relation
between the timing of reduction of the AC power P and the
consumption ofthe electrodes. In FIG. 4, the relation between
the timing of reduction of the AC power P and the consump-
tion of the electrodes is shown by a graph whose horizontal
axis represents the timing of reduction of the AC power P and
whose vertical axis represents an increase in the interelec-
trode distance of the spark plug 100. The timing of reduction
of the AC power P shown in FIG. 4 is a relative lapse time
(timing t1 in FIG. 3) during the AC power supply period Sa.
Therelative lapse time is 0% at the beginning of the AC power
supply period Sa (timing t0 in FIG. 3), and becomes 100% at
the end of the AC power supply period Sa (timing t5 in FIG.
3.

In the evaluation test the results of which are shown in FIG.
4, the plasma ignition device 20 was caused to execute the
power control processing (step S100) for each of spark plugs
100 (samples), while the timing of reduction of the AC power
P was changed among the samples. For each of the samples,
an increase in the interelectrode distance between the center
electrode 110 and the ground electrode 120 of the spark plug
100 was measured. Specifically, in a state in which the center
electrode 110 and the ground electrode 120 of the spark plug
100 were exposed to an atmosphere of 0.4 MPa (mega Pas-
cal), the power control processing (step S100) was continu-
ously executed at a frequency of 15 Hz (Hertz) for 40 hours.
In the evaluation test the results of which are shown in FIG. 4,
the power input from the AC power supply 220 to the spark
plug 100 and the reflected power were measured using a
directional coupler. The measurement revealed that the
reflection loss from the AC power supply 220 to the center
electrode 110 was 10% or less.

The spark plug 100 used for the evaluation test the results
of which are shown in FIG. 4 had a center electrode 110 made
of a nickel alloy and having a diameter of 2.5 mm (millime-
ter), and the interelectrode distance between the center elec-
trode 110 and the ground electrode 120 was 0.8 mm before
performance of the evaluation test. In the evaluation test the
results of which are shown in FIG. 4, DC power was applied
to the spark plug 100 for 2.5 ms (millisecond) by the DC
power supply 210 such that the total supplied energy became
60 mJ (millijoule), and AC power P was supplied simulta-
neously with the application of the DC power.

In the evaluation test the results of which are shown in FIG.
4, forthe AC power P supplied from the AC power supply 220
to the spark plug 100, the AC power supply period Sa was set
to 4.0 ms, the first power Pi during the first supply period Sal
was set to 250 W (watt), and the second power Pr during the
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second supply period Sa2 was set to 200 W. The timing of
reduction of the AC power P was set to 100% (the AC power
P was not reduced), 88% (after elapse of 3.5 ms from the
beginning of the AC power supply period Sa), 75% (after
elapse of 3.0 ms from the beginning of the AC power supply
period Sa), or 63% (after elapse of 2.5 ms from the beginning
of the AC power supply period Sa).

As shown in FIG. 4, the increase in the interelectrode
distance, which was 0.30 mm in the case where the timing of
reduction ofthe AC power P was 100%, decreased to 0.29 mm
when the timing of reduction of the AC power P was 88%,
decreased to 0.25 mm when the timing of reduction of the AC
power P was 75%, and decreased to 0.24 mm when the timing
of reduction of the AC power P was 63%. Namely, the
increase in the interelectrode distance decreased as the timing
of reduction of the AC power P was advanced. In particular,
when the timing of reduction of the AC power P was advanced
from 88% to 75%, the increase in the interelectrode distance
decreased considerably.

According to the results of the evaluation test shown in
FIG. 4, in order to suppress consumption of the electrodes,
preferably, the reduction of the AC power P is performed at a
timing which is after the generation of AC plasma between
the electrodes of the spark plug 100 and before elapse of a
time approximately corresponding to 75% of the AC power
supply period Sa, more preferably, before elapse of a time
approximately corresponding to 63% of the AC power supply
period Sa.

A-3. Evaluation on the Reduction Ratio of the AC
Power P

FIG. 5 is an explanatory graph showing the results of an
evaluation test performed so as to investigate the relation
between the reduction ratio of the AC power P and the con-
sumption of the electrodes. In F1G. 5, the relation between the
reduction ratio of the AC power P and the consumption of the
electrodes is shown by a graph whose horizontal axis repre-
sents the reduction ratio of the AC power P and whose vertical
axis represents an increase in the interelectrode distance of
the spark plug 100. The reduction ratio of the AC power P
shown in FIG. 5 is the ratio of the second power Pr to the first
power Pi. In the case where the AC power P is not reduced
(Pr=P1), the reduction ratio is “100%.” In the case where the
supply of the AC power P is stopped (Pr=0), the reduction
ratio is “0%.”

In the evaluation test the results of which are shown in FIG.
5, the plasma ignition device 20 was caused to execute the
power control processing (step S100) for each of spark plugs
100 (samples), while the reduction ratio of the AC power P
was changed among the samples. For each of the samples, an
increase in the interelectrode distance between the center
electrode 110 and the ground electrode 120 of the spark plug
100 was measured. Specifically, in a state in which the center
electrode 110 and the ground electrode 120 of the spark plug
100 were exposed to an atmosphere of 0.4 MPa, the power
control processing (step S100) was continuously executed at
a frequency of 15 Hz for 40 hours. In the evaluation test the
results of which are shown in F1G. 5, the power input from the
AC power supply 220 to the spark plug 100 and the reflected
power were measured using a directional coupler. The mea-
surement revealed that the reflection loss from the AC power
supply 220 to the center electrode 110 was 10% or less.

The spark plug 100 used in the evaluation test the results of
which are shown in FIG. 5 is identical with that used in the
evaluation test the results of which are shown in FIG. 4. In the
evaluation test the results of which are shown in FIG. 5, DC
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power was applied to the spark plug 100 for 2.5 ms by the DC
power supply 210 such that the total supplied energy became
60 mJ, and AC power P was supplied simultaneously with the
application of the DC power.

In the evaluation test the results of which are shown in FIG.
5, forthe AC power P supplied from the AC power supply 220
to the spark plug 100, the AC power supply period Sa was set
to 4.0 ms, the first power Pi during the first supply period Sal
was setto 250 W, and the timing of reduction of the AC power
P was set to 75% (after 3.0 ms from the beginning of the AC
power supply period Sa). The second power Pr during the
second supply period Sa2 was set to “250 W (no reduction of
the AC power P), “200 W,” “150 W,” or “100 W” to thereby
change the reduction ratio of the AC power P among “100%,”
“80%,” “60%,” and “40%.”

As shown in FIG. 5, the increase in the interelectrode
distance decreased as the reduction ratio of the AC power P
decreased. Specifically, the increase in the interelectrode dis-
tance, which was 0.30 mm in the case where the reduction
ratio of the AC power P was 100%, decreased to 0.25 mm
when the reduction ratio of the AC power P was 80%,
decreased to 0.22 mm when the reduction ratio of the AC
power P was 60%, and decreased to 0.21 mm when the
reduction ratio of the AC power P was 40%. Namely, the
smaller the second power Pr (the reduced AC power), the
greater the degree to which the increase in the interelectrode
distance decreased. Notably, in order to maintain the AC
plasma even after the reduction of the AC power P, the second
power Pr must be set within the maintainable range Rp; i.e.,
must be equal to or greater than the power Pt.

According to the results of the evaluation test shown in
FIG. 5, in order to suppress consumption of the electrodes,
preferably, the AC power P is reduced to a power which falls
within the maintainable power range Rp and is equal to or less
than 80% ofthe power at the time of generation of AC plasma,
more preferably, to a power equal to or less than 60% of the
power at the time of generation of AC plasma, most prefer-
ably, to a power equal to or less than 40% of the power at the
time of generation of AC plasma.

A-4. Evaluation on the Relation Between the
Reduction Start Time of the AC Power P and the
Consumption of the Electrodes

FIG. 6 is an explanatory graph showing the results of an
evaluation test performed so as to investigate the relation
between the reduction start time of the AC power P and the
consumption ofthe electrodes. In FIG. 6, the relation between
the reduction start time of the AC power P and the consump-
tion of the electrodes is shown by a graph whose horizontal
axis represents the reduction start time of the AC power P and
whose vertical axis represents an increase in the interelec-
trode distance of the spark plug 100. The reduction start time
of'the AC power P shown in FIG. 6 is the first supply period
Sal between the start of supply of the AC power P (timing t0
in FIG. 3) and the start of reduction of the AC power P (timing
t1 in FIG. 3).

In the evaluation test the results of which are shown in FIG.
6, the plasma ignition device 20 was caused to execute the
power control processing (step S100) for each of spark plugs
100 (samples), while the reduction start time of the AC power
P was changed among the samples. For each of the samples,
an increase in the interelectrode distance between the center
electrode 110 and the ground electrode 120 of the spark plug
100 was measured. Specifically, in a state in which the center
electrode 110 and the ground electrode 120 of the spark plug
100 were exposed to an atmosphere of 0.4 MPa, the power
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control processing (step S100) was continuously executed at
a frequency of 15 Hz for 40 hours. In the evaluation test the
results of which are shown in FIG. 6, the power input from the
AC power supply 220 to the spark plug 100 and the reflected
power were measured using a directional coupler. The mea-
surement revealed that the reflection loss from the AC power
supply 220 to the center electrode 110 was 10% or less.

The spark plug 100 used in the evaluation test the results of
which are shown in FIG. 6 is identical with that used in the
evaluation test the results of which are shown in FIG. 4. In the
evaluation test the results of which are shown in FIG. 6, DC
power was applied to the spark plug 100 for 2.0 ms by the DC
power supply 210 such that the total supplied energy became
50mlJ, and AC power P was supplied simultaneously with the
application of the DC power.

In the evaluation test the results of which are shown in FIG.
6, for the AC power P supplied from the AC power supply 220
to the spark plug 100, the AC power supply period Sa was set
to 4.0 ms, and the first power Pi during the first supply period
Sal was set to 250 W. Further, the second power Pr was set
such that the AC electric energy E became 700 mJ in all
samples of the evaluation test which were different in the
reduction start time of the AC power P. Specifically, in the
case where the reduction start time of the AC power P was
“2.5 ms,” the second power Pr was set to “50 W.” In the case
where the reduction start time of the AC power P was “1.5
ms,” the second power Pr was set to “130 W.” In the case
where the reduction start time of the AC power P was “1.0
ms,” the second power Pr was set to “150 W.” In the case
where the reduction start time of the AC power P was “0.6
ms,” the second power Pr was set to “160 W.”

As shown in FIG. 6, in the case where the reduction start
time of the AC power P was 2.5 ms, which was later than the
end of the 2.0 ms period (the period during which the DC
power was applied), the increase in the interelectrode dis-
tance was 0.18 mm. In the case where the reduction start time
of'the AC power P was 1.5 ms, which was earlier than the end
of the period during which the DC power was applied, the
increase in the interelectrode distance decreased to 0.16 mm.
In the case where the reduction start time of the AC power P
was 1.0 ms, the increase in the interelectrode distance
decreased more to 0.15 mm. In the case where the reduction
start time of the AC power P was 0.6 ms, the increase in the
interelectrode distance decreased further to 0.14 mm.

According to the results of the evaluation test shown in
FIG. 6, in order to suppress consumption of the electrodes,
preferably, the AC power P is reduced within a period during
which DC power from the DC power supply 210 is applied to
the spark plug 100. Moreover, preferably, the reduction of the
AC power P is performed after the start of generation of AC
plasma between the electrodes of the spark plug 100 and
within a 1.0 ms period after the start of supply of the AC
power P (timing t0), more preferably, within a 0.6 ms period
after the start of supply of the AC power P.

A-5. Evaluation on the AC Power Supply Period Sa

FIG. 7 is an explanatory graph showing the results of an
evaluation test performed so as to investigate the relation
between the AC power supply period Sa and the consumption
of the electrodes. In FIG. 7, the relation between the AC
power supply period Sa and the consumption of the electrodes
is shown by a graph whose horizontal axis represents the AC
power supply period Sa and whose vertical axis represents an
increase in the interelectrode distance of the spark plug 100.

In the evaluation test the results of which are shown in FIG.
7, the plasma ignition device 20 was caused to execute the
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power control processing (step S100) for each of spark plugs
100 (samples), while the AC power supply period Sa was
changed among the samples. For each of the samples, an
increase in the interelectrode distance between the center
electrode 110 and the ground electrode 120 of the spark plug
100 was measured. Specifically, in a state in which the center
electrode 110 and the ground electrode 120 of the spark plug
100 were exposed to an atmosphere of 0.4 MPa, the power
control processing (step S100) was continuously executed at
a frequency of 15 Hz for 40 hours. In the evaluation test the
results of which are shown in FI1G. 7, the power input from the
AC power supply 220 to the spark plug 100 and the reflected
power were measured using a directional coupler. The mea-
surement revealed that the reflection loss from the AC power
supply 220 to the center electrode 110 was 10% or less.

The spark plug 100 used in the evaluation test the results of
which are shown in FIG. 7 is identical with that used in the
evaluation test the results of which are shown in FIG. 4. In the
evaluation test the results of which are shown in FIG. 7, DC
power was applied to the spark plug 100 for 2.5 ms by the DC
power supply 210 such that the total supplied energy became
60 mJ, and AC power P was supplied simultaneously with the
application of the DC power.

In the evaluation test the results of which are shown in FIG.
7, forthe AC power P supplied from the AC power supply 220
to the spark plug 100, the first supply period Sal was sett0 2.0
ms, and the first power Pi during the first supply period Sal
was set to 250 W. Further, the second power Pr was set such
that the AC electric energy E became 800 mJ in the all
samples of the evaluation test which were different in the AC
power supply period Sa. Specifically, in the case where the
AC power supply period Sa was “4.0 ms,” the second power
Prwas setto “150 W.” In the case where the AC power supply
period Sa was “5.0 ms,” the second power Pr was set to “100
W.” In the case where the AC power supply period Sawas “6.0
ms,” the second power Pr was set to “75 W.”

As shown in FIG. 7, the increase in the interelectrode
distance, which was 0.23 mm in the case where the AC power
supply period Sa was 6.0 ms, decreased to 0.21 mm when the
AC power supply period Sa was 5.0 ms, and decreased to 0.20
mm when the AC power supply period Sa was 4.0 ms. In
particular, when the AC power supply period Sa became
shorter from 6.0 ms to 5.0 ms, the increase in the interelec-
trode distance decreased considerably.

According to the results of the evaluation test shown in
FIG. 7, in order to suppress consumption of the electrodes,
preferably, the AC power supply period Sa is 5.0 ms or less,
more preferably, 4.0 ms or less.

A-6. Evaluation on the AC Electric Energy E

FIG. 8 is an explanatory graph showing the results of an
evaluation test performed so as to investigate the relation
between the AC electric energy E and the consumption of the
electrodes. In FIG. 8, the relation between the AC electric
energy E and the consumption of the electrodes is shown by
a graph whose horizontal axis represents the AC electric
energy E and whose vertical axis represents an increase in the
interelectrode distance of the spark plug 100.

In the evaluation test the results of which are shown in FIG.
8, the plasma ignition device 20 was caused to execute the
power control processing (step S100) for each of spark plugs
100 (samples), while the AC electric energy E was changed
among the samples. For each of the samples, an increase in
the interelectrode distance between the center electrode 110
and the ground electrode 120 of the spark plug 100 was
measured. Specifically, in a state in which the center electrode
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110 and the ground electrode 120 of the spark plug 100 were
exposed to an atmosphere of 0.4 MPa, the power control
processing (step S100) was continuously executed at a fre-
quency of 15 Hz for 40 hours. In the evaluation test the results
of which are shown in FIG. 8, the power input from the AC
power supply 220 to the spark plug 100 and the reflected
power were measured using a directional coupler. The mea-
surement revealed that the reflection loss from the AC power
supply 220 to the center electrode 110 was 10% or less.

The spark plug 100 used in the evaluation test the results of
which are shown in FIG. 8 is identical with that used in the
evaluation test the results of which are shown in FIG. 4. In the
evaluation test the results of which are shown in FIG. 8, DC
power was applied to the spark plug 100 for 2.5 ms by the DC
power supply 210 such that the total supplied energy became
60 mJ, and AC power P was supplied simultaneously with the
application of the DC power.

In the evaluation test the results of which are shown in FIG.
8, for the AC power P supplied from the AC power supply 220
to the spark plug 100, the AC power supply period Sa was set
to 5.0 ms, the first supply period Sal was setto 2.0 ms, and the
first power Pi during the first supply period Sal was setto 300
W. Further, the AC electric energy E was changed among the
samples of the evaluation test by changing the second power
Pr during the second supply period Sa2. Specifically, the AC
electric energy E was set to “840 mJ” by setting the second
power Prto “80 W,” was set to “900 mJ” by setting the second
power Pr to “100 W,” or was set to “960 m1” by setting the
second power Pr to “120 W.”

As shown in FIG. 8, the increase in the interelectrode
distance, which was 0.25 mm in the case where the AC elec-
tric energy E was 960 mJ, decreased to 0.22 mm when the AC
electric energy E was 900 mJ, and decreased to 0.21 mm when
the AC electric energy E was 840 mJ. In particular, when the
AC electric energy E decreased from 960 mJ to 900 mlJ, the
increase in the interelectrode distance decreased consider-
ably.

According to the results of the evaluation test shown in
FIG. 8, in order to suppress consumption of the electrodes,
preferably, the AC electric energy E is 900 mJ or less, more
preferably, 840 mJ or less.

A-7. Evaluation on the Timing of Supply of the AC
Power P

FIG. 9 is an explanatory table showing the results of an
evaluation test performed so as to investigate the relation
between the timing of supply of the AC power P and ignition
performance. FIG. 9 shows different manners of supplying
the AC power P and the result of evaluation of ignition per-
formance for each manner of supplying the AC power P. The
evaluation of ignition performance of FIG. 9 is such that the
lower the rate of misfire, the higher the performance.

In the evaluation test the results of which are shown in FIG.
9, the plasma ignition device 20 was caused to execute the
power control processing (step S100) for each of spark plugs
100 (samples), while the timing of supply of the AC power P
was changed among the samples. For each of the samples, an
increase in the interelectrode distance between the center
electrode 110 and the ground electrode 120 of the spark plug
100 was measured. Specifically, a DOHC straight-four-cyl-
inder engine having a displacement of 2000 cc, to which the
spark plug 100 was attached, was operated with the air-fuel
ratio A/F set to 23 and the rotational speed set to 1600 rpm,
and its misfire rate was measured. In the evaluation test the
results of which are shown in F1G. 9, the power input from the
AC power supply 220 to the spark plug 100 and the reflected
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power were measured using a directional coupler. The mea-
surement revealed that the reflection loss from the AC power
supply 220 to the center electrode 110 was 10% or less.

The spark plug 100 used in the evaluation test the results of
which are shown in FIG. 9 is identical with that used in the
evaluation test the results of which are shown in FIG. 4. In the
evaluation test the results of which are shown in FIG. 9, DC
power was applied to the spark plug 100 for 2.5 ms by the DC
power supply 210 such that the total supplied energy became
60 mJ.

In the evaluation test the results of which are shown in FIG.
9, forthe AC power P supplied from the AC power supply 220
to the spark plug 100, the AC power supply period Sa was set
to 2.0 ms, the first supply period Sal was setto 1.0 ms, the first
power Piwas set to 250 W, and the second power Pr was set
to 50 W. The timing of supply of the AC power P was set in
accordance with one of three patterns such that the supply of
the AC power P was started “simultaneously with the appli-
cation of DC current,” “after elapse of 1.0 ms from the appli-
cation of DC current” or “after elapse of 2.0 ms from the
application of DC current.”

As shown in the upper section of FIG. 9, in the case where
the supply of the AC power P was started “simultaneously
with the application of DC current,” the end of the AC power
supply period Sa became earlier than the end of the DC power
application period, and the misfire rate was 1.0 to 1.4%. As
shown in the middle section of FIG. 9, in the ease where the
supply of the AC power P was started “after elapse of 1.0 ms
from the application of DC current,” the end of the DC power
application period overlapped with the second supply period
Sa2 of the AC power supply period Sa, and the misfire rate
was 0.1 to 0.9%. As shown in the lower section of FIG. 9, in
the case where the supply of the AC power P was started “after
elapse of 2.0 ms from the application of DC current,” the end
of'the DC power application period overlapped with the first
supply period Sal of the AC power supply period Sa, and the
misfire rate was 0%.

According to the results of the evaluation test shown in
FIG. 9, in order to improve the ignition performance, prefer-
ably, the end ofthe AC power supply period Sa is later than the
end of the DC power application period. Further, more pref-
erably, the end the DC power application period overlaps with
the first supply period Sal of the AC power supply period Sa.

A-8. Effects

According to the above-described plasma ignition device
20, after AC plasma is generated in the AC power supply
period Sa, the AC power P is reduced within the maintainable
power range Rp, whereby the AC electric energy E can be
reduced. Therefore, consumption of the electrodes by the AC
plasma can be suppressed. As a result, the life of the spark
plug 100 which generates AC plasma can be extended.

B. Other Embodiments

Although the embodiment of the present invention has
been described, the present invention is not limited to the
embodiment. Needless to say, the present invention can be
implemented in various forms without departing from the
scope of the present invention. For example, the pattern of
reducing the AC power P is not limited to the pattern shown in
FIG. 3, and the AC power P may be reduced in accordance
with any of other patterns so long as the AC power P is
reduced within the maintainable power range Rp after gen-
eration of AC plasma during the AC power supply period Sa.
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FIG. 10 is an explanatory graph showing a time-course
change of the AC power P in a first modification. In the first
modification, the AC power P is set to the first power Pi at the
start of the AC power supply period Sa (timing t0), and is
continuously reduced from the first power Pito 0 W such that,
at the end of the AC power supply period Sa (timing t5), the
AC power P becomes the minimum power Pt required to
maintain AC plasma. According to the first modification as
well, the consumption of the electrodes by AC plasma can be
suppressed as in the case of the above-described embodiment.

FIG. 11 is an explanatory graph showing a time-course
change of the AC power P in a second modification. In the
second modification, the AC power P is maintained at the first
power Pi during the first supply period Sal. Subsequently, the
AC power P is continuously reduced from the first power Pito
0 W such that, at the end of the second supply period Sa2
(timing t5), the AC power P becomes the minimum power Pt
required to maintain AC plasma. According to the second
modification as well, the consumption of the electrodes by AC
plasma can be suppressed as in the case of the above-de-
scribed embodiment.

FIG. 12 is an explanatory graph showing a time-course
change of the AC power P in a third modification. In the third
modification, the AC power P is set to the first power Pi at the
start of the AC power supply period Sa (timing t0), and is
continuously reduced from the first power Pi to the second
power Pr such that, at the end of the first supply period Sal
(timing t1), the AC power P becomes the second power Pr.
Subsequently, the AC power P is maintained at the second
power Pr during the second supply period Sa2. According to
the third modification as well, the consumption of the elec-
trodes by AC plasma can be suppressed as in the case of the
above-described embodiment.

FIG. 13 is an explanatory graph showing a time-course
change of the AC power P in a fourth modification. In the
fourth modification, the AC power P is maintained at the first
power Pi during the first supply period Sal. Subsequently, the
AC power P is maintained at a power Prl during the first half
of the second supply period Sa2 (timings t1 to t3). Subse-
quently, the AC power P is maintained at a power Pr2 during
the second half of the second supply period Sa2 (timings t3 to
t5). The power Prl and the power Pr2 are smaller than the first
power Pi and fall within the maintainable range Rp, and the
power Prl is smaller than the power Pr2. According to the
fourth modification as well, the consumption of the electrodes
by AC plasma can be suppressed as in the case of the above-
described embodiment.

DESCRIPTION OF REFERENCE NUMERALS

10: operation control section
20: plasma ignition device
100: spark plug

110: center electrode

120: ground electrode

210: DC power supply

220: AC power supply

300: mixing section

310: inductor

320: capacitor

500: ignition control section
510: power control section
P: AC power

E: AC electric energy

Sa: AC power supply period
Sal: first supply period

Sa2: second supply period

10

15

20

25

30

35

40

45

50

55

60

65

16

Rp: maintainable power range
Pi: first power

Pr: second power

Prl: power

Pr2: power

Pt: power

Having described the invention, the following is claimed:

1. A plasma ignition device comprising:

a spark plug;

an AC power supply which generates AC power for gener-

ating AC plasma between electrodes of the spark plug;
and

a power control section for controlling the AC power gen-

erated by the AC power supply, wherein said power
control section reduces the AC power during an AC
power supply period, after AC plasma has been gener-
ated between the electrodes in the AC power supply
period, wherein during the AC power supply period the
AC power is continuously supplied to the spark plug
within a maintainable power range within which the AC
plasma can be maintained.

2. A plasma ignition device according to claim 1, wherein
the power control section reduces the AC power in the AC
power supply period at a timing which is after the AC plasma
has been generated between the electrodes and is before
elapse of a time corresponding to 75% of the AC power
supply period.

3. A plasma ignition device according to claim 1, wherein
the power control section reduces the AC power to a power
which falls within the maintainable power range and is equal
to or less than 80% of the AC power at the time of generation
of'the AC plasma.

4. A plasma ignition device according to claim 1, wherein
the power control section reduces the AC power in the AC
power supply period at a timing which is after the AC plasma
has been generated between the electrodes and falls within a
1.0 msec period after the start of supply of the AC power.

5. A plasma ignition device according to claim 1, wherein
the AC power supply period is 5.0 msec or less.

6. A plasma ignition device according to claim 1, wherein
the electric energy supplied to the spark plug by the AC power
during the AC power supply period of each cycle is 900 mJ or
less.

7. A plasma ignition device according to claim 1, further
comprising a DC power supply which generates DC power
for generating spark discharge between the electrodes of the
spark plug before generation of the AC plasma.

8. A plasma ignition device according to claim 7, wherein
the end of the AC power supply period is after the end of a
period during which the DC power is applied to the spark
plug.

9. A plasma ignition device according to claim 7, wherein
the power control section reduces the AC power within the
period during which the DC power is applied to the spark
plug.

10. A plasma ignition method for generating AC plasma
between electrodes of a spark plug, the method comprising:

generating AC power using an AC power supply; and

reducing the AC power generated by the AC power supply
during an AC power supply period, after having gener-
ated AC plasma between the electrodes in the AC power
supply period, wherein during the AC power supply
period the AC power generated by the AC power supply
is continuously supplied to the spark plug within a main-
tainable power range within which the AC plasma can be
maintained.
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11. A plasma ignition method according to claim 10,
wherein the AC power is reduced in the AC power supply
period at a timing which is after the AC plasma has been
generated between the electrodes and is before elapse of a
time corresponding to 75% of the AC power supply period.

12. A plasma ignition method according to claim 10,
wherein the AC power is reduced to a power which falls
within the maintainable power range and is equal to or less
than 80% of the AC power at the time of generation of the AC
plasma.

13. A plasma ignition method according to claim 10,
wherein the AC power is reduced in the AC power supply
period at a timing which is after the AC plasma has been
generated between the electrodes and falls within a 1.0 msec
period after the start of supply of the AC power.

14. A plasma ignition method according to claim 10,
wherein the AC power supply period is restricted to 5.0 msec
or less.
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15. A plasma ignition method according to claim 10,
wherein the electric energy supplied to the spark plug by the
AC power during the AC power supply period of each cycle is
restricted to 900 mJ or less.

16. A plasma ignition method according to claim 10,
wherein before generation of the AC plasma, spark discharge
is generated between the electrodes of the spark plug using
DC power generated by a DC power supply.

17. A plasma ignition method according to claim 16,
wherein the AC power supply period is ended after the end of
a period during which the DC power is applied to the spark
plug.

18. A plasma ignition method according to claim 16,
wherein the AC power is reduced within the period during
which the DC power is applied to the spark plug.
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